The role of three N-linked glycans which are conserved among various hemagglutinin (HA) subtypes of influenza A viruses was investigated by eliminating the conserved glycosylation (cg) sites at asparagine residues 12 (cgl), 28 (cg2), and 478 (cg3) by site-directed mutagenesis. An additional mutant was constructed by eliminating the cg3 site and introducing a novel site 4 amino acids away, at position 482. Expression of the altered HA proteins in eukaryotic cells by a panel of recombinant vaccinia viruses revealed that rates and efficiency of intracellular transport of HA are dependent upon both the number of conserved N-linked oligosaccharides and their respective positions on the polypeptide backbone. Glycosylation at two of the three sites was sufficient for maintenance of transport of the HA protein. Conserved glycosylation at either the cgl or cg2 site alone also promoted efficient transport of HA. However, the rates of transport of these mutants were significantly reduced compared with the wild-type protein or single-site mutants of HA. The transport of HA proteins lacking all three conserved sites or both amino-terminally located sites was temperature sensitive, implying that a polypeptide folding step had been affected. Analysis of trimer assembly by these mutants indicated that the presence of a single oligosaccharide in the stem domain of the HA molecule plays an important role in preventing aggregation of molecules in the endoplasmic reticulum, possibly by maintaining the hydrophilic properties of this domain. The conformational change observed after loss of all three conserved oligosaccharides also resulted in exposure of a normally mannose-rich oligosaccharide at the tip of the large stem helix that allowed its conversion to a complex type of structure. Evidence was also obtained suggesting that carbohydrate-carbohydrate interactions between neighboring oligosaccharides at positions 12 and 28 influence the accessibility of the cg2 oligosaccharide for processing enzymes. We also showed that terminal glycosylation of the cg3 oligosaccharide is site specific, since shifting of this site 4 amino acids away, to position 482, yielded an oligosaccharide that was arrested in the mannose-rich form. In conclusion, carbohydrates at conserved positions not only act synergistically by promoting and stabilizing a conformation compatible with transport, they also enhance trimerization and/or folding rates of the HA protein.
A common modification of many secretory and most integral membrane proteins in the exocytic pathway is attachment of preformed oligosaccharides to asparagine residues residing in the consensus sequence Asn-X-Thr/Ser, where X can be any amino acid except proline (28) . Numerous functions for N-linked glycans have been implicated, including (i) promotion of proper folding, (ii) maintenance of protein conformation and stability, (iii) protection against denaturation and proteolysis, and (iv) modulation of biological activities (46, 47, 56) . Results from experiments using the antibiotic tunicamycin, which blocks N-glycosylation by interfering with the assembly of lipid-linked precursor oligosaccharides, have suggested that the requirement for N-glycosylation is intrinsic to a given protein. Some proteins are transported and function normally when glycosylation is inhibited with tunicamycin, whereas others exhibit folding defects, frequently resulting in protein aggregation in the endoplasmic reticulum (ER) or rapid degradation of nonglycosylated proteins (13, 55) .
The vast amount of structural information available about various influenza virus hemagglutinin (HA) subtypes, including the three-dimensional structure of the HA and various deduced amino acid sequences, has led to the use of HA as a model integral type (39, 48) , combined removal of several of these sites has not been studied.
In this study, we eliminated the conserved carbohydrates at one or more glycosylation sites by site-specific mutagenesis and examined the maturation and transport of the resulting HA mutants. We established that the number of conserved oligosaccharides and their positions in the molecule influence trimerization and rates and efficiency of transport and contribute to the stability of the HA protein.
Loss of all three conserved sites resulted in temperature sensitivity of transport, whereas loss of carbohydrates at two of the three sites significantly reduced rates of transport. We conclude that the conserved oligosaccharides function in a cooperative manner in enhancing and stabilizing a transport-competent form of HA. In addition, we were able to show that oligosaccharides at conserved sites in the stem domain of the molecule influence the final structures of specific oligosaccharides, either by carbohydrate-carbohydrate interference or by stabilizing a conformation of the HA, which affects the accessibility of an oligosaccharide for processing enzymes. (This work was done by P. C. Roberts in partial fulfillment of the requirements for a Ph.D. degree from the PhilippsUniversitat, Marburg, Germany. The data reported here were presented at the Negative Strand Viruses 8th International Conference, Charleston, S.C., 15 to 20 September 1991.) MATERIALS AND METHODS Cells and viruses. CV-1 cells were grown in Dulbecco's medium supplemented with 5% fetal calf serum. For expression studies, the CV-1 cells were cultured in 35-mm-diameter culture dishes (GIBCO, Eggenstein, Germany) or on glass coverslips in 24-well culture plates. The WR strain of vaccinia virus was propagated in CV-1 cells and isolated as described previously (36) . Human TK-143 cells were grown in Dulbecco's medium supplemented with 5% fetal calf serum and 25 p.g of 5-bromodeoxyuridine (Sigma, Taufkirchen, Germany) per ml.
Oligonucleotide-directed mutagenesis and construction of recombinant vaccinia viruses. The construction of recombinant M13mpll-HA, containing the cDNA of the HA gene from influenza virus strain A/FPV/Rostock/34 (H7N1) (29) , has been described previously (63) . Four synthetic oligonucleotide primers were designed so that at each consensus sequence for N-linked glycosylation, Asn-X-Thr/Ser, the Thr-encoding codons would be substituted for Ala-encoding codons, and in one case this substitution was accompanied by the exchange of an Asp-encoding codon for Asn, resulting in a novel site 4 (66) showing the carbohydrate structures present at the seven glycosylation sites of the HA of influenza virus strain A/FPV/Rostock/34 (H7N1) (23) . The positions of the asparagine residues are indicated in accordance with the H7 HA amino acid sequence (50 4 amino acids away from the original site ( Fig. 1A and B (Fig. 2) . Except for the cg3+4 mutant, all of the mutant HA proteins showed an increased rate of mobility compared with wild-type HA, corresponding to the absence of one or more oligosaccharide chains at the conserved glycosylation sites. The absence of oligosaccharides on these mutants is more apparent after intracellular cleavage of the precursor HA resulting in the HA1 and HA2 subunits. As expected for the single-site glycosylation mutants, increased mobility was observed in the HA1 subunit of cgl and cg2 mutants and in the HA2 subunit of the cg3 mutant. The diminished labelling of HA1 of cg3 and cg3+4 mutants can be explained by shedding of HA1 into the medium, as shown for the wild type (see Fig. 6 ). Double-and triple-site mutants displayed similar increased mobility in their subunits, commensurate with the loss of one or two glycosylation sites in their HA1 subunits and/or one site in their HA2 subunits. Since intracellular cleavage is a normal the conserved glycosylation sites. The designated name is at the right of each diagram. The HA wild type (HAwt) is shown at the top, the HA1 subunit is indicated by the hollow bar, the HA2 subunit is indicated by the black bar, and conserved sites for N-linked glycosylation are indicated by tree-like symbols at Asn residues numbered as in panel A. a.a., amino acid. processing event in the maturation of FPV HA (26), it is apparent that the vaccinia virus cgl,2-and cgl,2,3 mutantexpressed proteins are defective in terms of cleavage. The decreased levels of cleaved HA produced by these mutants, compared with wild-type HA, suggests that either the transport of these proteins is impaired, as shown for various FPV mutants (15, 33, 39, 54) , or these proteins have acquired a conformation which does not allow proper access of the enzyme responsible for HA cleavage.
Kinetics of intracellular transport of wild-type HA and the HA glycosylation mutants. Cleavage of HA by the endoprotease furin (60) occurs late in transport, probably in the trans region of the Golgi apparatus or in the trans-Golgi network (2, 10, 37, 60) . Monitoring cleavage of the FPV HA therefore provides a relatively simple assay for determining whether mutations affect the transit time of newly synthesized FPV HA from the ER to late Golgi compartments. The rate of cleavage of each mutant was determined in pulse-chase experiments and compared with that of wild-type HA. After SDS-PAGE and fluorography of immunoprecipitated HA proteins, the uncleaved precursor form of HA and the HA2 cleavage product, which migrates as a well-resolved band, were quantitated by liquid scintillation counting. The proportion of radioactivity in the HA2 subunit was extrapolated to represent total cleaved HA (HA1/HA2).
Examination of the results from the expression of singlesite recombinants (Fig. 3 , upper panel) reveals that the rate at which VVcgl-and VVcg3-expressed proteins were cleaved was similar to that of expressed wild-type HA, with a half-time of 30 min. However, the HA proteins expressed by the vaccinia virus cg2 and cg3+4 recombinants were cleaved at slower rates (half-times, -45 and 41 min, respectively), suggesting that loss of the carbohydrate at the Asn-28 site or the presence of a carbohydrate at the abnormal position at Asn-482 interferes with rapid formation of a transport-competent form of the HA early after synthesis. However, these mutations did not seem to affect the yield of the transported HA when the chase time was prolonged to 120 min (data not shown), suggesting that carbohydrate on the remaining conserved sites compensates for these changes. The functional relevance of the carbohydrate at Asn-28 is emphasized by the data obtained with the multiple- site mutants (Fig. 3, lower panel) . Here, it is evident that in the absence of carbohydrates at conserved sites cgl and cg3, the presence of the cg2 oligosaccharide (vaccinia virus cgl,3 mutant) alone can promote a transport-competent form of the HA. A carbohydrate at the cgl site alone (vaccinia virus cg2,3 mutant) can also compensate for loss of the other two conserved sites. As expected from the experiments described in Fig. 2 , the most adverse effects on the kinetics of transport were observed after loss of the two conserved sites in the HA1 subunit (vaccinia virus cgl,2 mutant) and after loss of all three conserved sites for glycosylation (vaccinia virus cgl,2,3 mutant). Cleavage of these HA proteins leveled off after 40 min of the chase, suggesting that only portions of these molecules (35 and 17% of the cgl,2 and cgl,2,3 HA proteins, respectively) are transport competent at 37°C. Since sequential removal of oligosaccharides at the conserved sites for glycosylation differentially retarded transport, it appears that there is a cooperative effect between the conserved oligosaccharides in promoting or stabilizing transport-competent forms of HA protein. Carbohydrate-deficient mutants which had lost the cg2 site showed the most impaired HA transport, even when the cg2 site alone had been eliminated. In addition, HA trimerization, as analyzed by cross-linking kinetics, was about twofold slower with the cg2 oligosaccharide-deficient mutants than with wild-type HA (Fig. 4) . Taken (Fig. 1A) , it should be possible to validate the proposed conformational restrictions placed on the processing of individual oligosaccharides of the HA (23) .
The increased mobilities of the subunits of the wild-type HA protein after endo H and PNGase F treatment seen in Fig. 5 correspond well to the results derived from the structural analysis of the individual oligosaccharides found at each of the seven glycosylation sites for the FPV HA (23). Thus, whereas the HA1 subunit is largely composed of complex endo H-resistant structures at sites 12, 28, 123, 149, and 231, the HA2 subunit possesses a complex endo H-resistant oligosaccharide at Asn-478 and an oligomannosidic structure at Asn-406 (Fig. 1A) . The oligosaccharide at Asn-406, which is located in niches of the HA trimer, is inaccessible for processing enzymes, owing to the conformation of the trimer (24) . The small shift in the electrophoretic mobility of the HA1 subunit of wild-type HA after endo H treatment is also consistent with these results and can be attributed to the finding that a significant portion of the structures found at the Asn-28 site are of the oligomannosidic type. The presence of both oligomannosidic-and complex-type structures at this site was suggested to be due to partial steric hindrance, by virtue of the adjacent oligosaccharide at the Asn-12 site (23). Analysis of the HA1 subunits of vaccinia virus cgl and cg3 mutant expressed proteins after endo H treatment (Fig. 5) showed that this proposed effect of steric hindrance can be alleviated after loss of the oligosaccharide at Asn-12 but not after loss of the cg3 oligosaccharide. Thus, the cgl-cg2 carbohydrate interactions interfere with the accessibility of the carbohydrate at Asn-28 to processing enzymes. Figure 5 shows also that unlike wild-type HA and the cgl mutant, the cg3+4 mutant has an HA2 carbohydrate complement completely sensitive to endo H treatment. Thus, the cg3+4 mutant has an oligomannosidic oligosaccharide not only at Asn-406 but also at Asn-482. The fact that the normal cg3 site at Asn-478, which is only 4 amino acids away, is processed to complex-type structures supports the supposition that the degree of processing which individual oligosaccharides undergo is site specific (23, 24) .
Effect of temperature on transport of the HA glycosylation mutants. Since it has been found that alterations in the glycosylation of HA that lead to misfolding and impaired transport can be partially alleviated by a reduction in temperature (14, 15, 39, 54) , we tested the effect of reduced temperature on intracellular transport of transport-defective cgl,2 and cgl,2,3 mutants (Fig. 6 ). As at 37°C, the cleavage rates of these mutants were determined in pulse-chase experiments at both 33 and 40°C and compared with that of the vaccinia virus-expressed wild-type HA. To examine degradation of HA protein which might occur, we chose longer chase periods than those used at 37°C (Fig. 3 and 4 It is evident from the data presented in Fig. 6 that the loss of conserved oligosaccharides by the cgl,2 and cgl,2,3 mutants resulted in temperature-sensitive transport of these HA proteins. Although the rates of transport were slower than that of wild-type HA, transport was observed at 33°C, whereas at 40°C it was severely impaired, with only a small fraction of the molecules being transport competent. The fact that transport was slower at the reduced temperature compared with wild-type HA supports the supposition that these oligosaccharides influence the rates of formation of transport-competent molecules after synthesis of HA. The greater fraction of molecules transported by the cgl,2 mutant at 40°C than by the cgl,2,3 mutant (35 and 15%, respectively) suggests that its transport defect is not as severe. However, the data shown in Fig. 6 also suggest that the stability of the cgl,2 mutant at 40°C was affected, since we were not able to quantitatively recover cleavage products relative to levels of uncleaved HA. This suggests that the uncleaved and/or cleaved form of mutant cgl,2 is sensitive to degradation. On the other hand, the levels of uncleaved HA by the cgl,2,3 mutant remained relatively stable after a 2-h chase period, indicating that the uncleaved form possibly accumulated in a different intracellular compartment absent of proteases or possibly existed in a conformation more resistant to degradative enzymes. Thus, it appears that the presence of the conserved oligosaccharide at Asn-478 in the HA2 subunit (the cg3 site) can partially stabilize a transportcompetent form of HA after loss of the two conserved oligosaccharides in the HA1 subunit, whereas the additional loss of this oligosaccharide results in accumulation of uncleaved HA.
Although the HA wild-type protein is transported very rapidly at 40°C, it is also very rapidly degraded, as shown by the disappearance of cleaved HA subunits during late chase periods (Fig. 6, upper panel) and shedding of the HA1 subunit into the chase supernatants (Fig. 6 , middle panel, section II). Although shedding of HA1 already occurred at lower temperatures, it increased dramatically with increasing temperature. The fact that large amounts of HA1, as estimated by the differences between cell extract-associated HA1 and total recovered HA1 (ceHA and totHA1 in Fig. 6 ), were readily shed indicates that the interchain disulfide bond linking the two subunits was reduced. Experiments in which we separated the HA proteins under nonreducing conditions showed that the cleavage products are linked via a disulfide bond at earlier chase times (data not shown), indicating that reduction occurs after the cleavage event. Shedding of HA1 by the vaccinia virus cgl,2-and cgl,2,3-expressed HA proteins was also observed, suggesting that the level of shed HA1 represents the fraction of molecules which are eventually transported to the plasma membrane. Immunoprecipitated HA1 from medium supernatants and cell extractassociated HA1 displayed similar electrophoretic mobilities, which implies that unspecific proteolysis is not responsible for the dissociation of HA subunits.
The transport-competent form of the cgl,2,3 mutant also displayed temperature-sensitive processing of the remaining oligosaccharides. At the restrictive temperature, the HA2 subunit of the cgl,2,3 mutant migrated more slowly than the equivalent form found at that permissive temperature. The remaining oligosaccharide in the HA2 subunit (Asn-406), which normally remains in the mannose-rich form owing to the conformation of the HA trimer (23, 24) , is apparently converted to the endo H-resistant complex form at 40°C, whereas at 33°C this oligosaccharide remains in the mannose-rich form (A and C in Fig. 6, lowest panel) . Following transport at 37°C, the oligosaccharide at Asn-406 is also partially converted to the complex form (B, lowest panel of Fig. 6 ). However, the presence of a single oligosaccharide side chain at Asn-478, as in the cgl,2 mutant, was sufficient to ensure correct processing of this oligosaccharide at 40°C (Fig. 6D, lowest panel; see also Fig. 7) . Thus, it appears that a conserved oligosaccharide in the lower part of the stem region of the HA molecule plays an important role in maintaining proper trimer conformation during transport of the HA through the Golgi cisternae at 37 and 40°C, possibly by preventing incorrect hydrophobic interactions.
Intracellular accumulation of mutant HA proteins. To determine whether we could identify a particular intracellular compartment containing the mutant HA proteins at 33 or 40°C, we used indirect immunofluorescent staining of infected cells before and after cell permeabilization. The intracellular and surface staining patterns for wild-type HA and the cgl,2,3 and cgl,2 glycosylation mutants are shown in Fig. 7 . The pattern of intracellular staining visualized for the cgl,2 mutant at both temperatures and for the cgl,2,3-mutant at 33°C was similar to that of wild-type HA, with a prominent perinuclear staining characteristic of the Golgi complex. The rather diffuse, reticular-type staining seen at 40°C for the cgl,2,3 mutant is characteristic for the ER and is a further indication that this HA protein accumulates in the ER. In addition, some perinuclear-type staining was also observed for the cgl,2,3 mutant at 40°C. This is consistent with the results of the kinetic experiments (Fig. 6 ), in which a fraction of the cgl,2,3 protein was found cleaved at 40°C.
Cell surface expression was found with all of the mutants except cgl,2,3, which displayed significantly decreased surface staining (Fig. 7C) . In this context, the results shown in Fig. 6 suggested that ca. 15% of the cgl,2,3 mutant was cleaved at 40°C. Although the immunofluorescence results are qualitative, they suggest that the cgl,2,3 mutant accumulated mainly intracellularly in a pre-Golgi compartment. Thus, it appeared that the loss of all three conserved glycosylation sites (cgl,2,3) resulted in accumulation of this HA protein in the ER, whereas loss of only the first two oligosaccharides resulted in partial transport at least to the Golgi.
Oligomerization of transport-defective HA mutants. Transport defects resulting in accumulation of protein in the ER have often been found to result from misfolding of the polypeptide chain leading to formation of high-molecularweight aggregates. This may be due to formation of aberrant disulfide bonds or aggregation of noncovalently linked polypeptides. Trimerization of HA is generally accepted as a prerequisite for transport from the ER to the Golgi compartments (9, 15, 16, 19, 54) . Therefore, it is likely that trimerization or an earlier event, such as folding, is impaired with the cgl,2,3 mutant. On the other hand, we would expect that the cgl,2 mutant exists mainly in a trimerized form that, although unstable, is at least partially transport competent. To examine the temperature-sensitive effects on the oligomerization of these mutant HA proteins, we analyzed labeled HA proteins after a pulse-chase experiment similar to that whose results are presented in Fig. 6 by sucrose gradient centrifugation. Fractions were collected from the bottom of the gradients, subjected to immunoprecipitation, and analyzed by SDS-PAGE under reducing conditions. The results of this experiment are presented in Fig. 8 . As can be seen for the wild-type HA after 10 min of pulse-labeling at 40°C, HA was concentrated in fractions isolated from the top of the gradient. Most of the protein found immediately after the pulse was concentrated in three fractions which are indicative of monomeric HA, whereas the faster migrating bands represent trimeric HA which occurs soon after protein synthesis (4, 8, 9, 15, 16) . After a chase period of 60 min, most of the HA protein migrated in the trimeric fractions and was effectively transported to Golgi compartments, as indicated by cleavage of the HA. The data for wild-type HA at 33°C were similar and were therefore omitted. The HA protein of the cgl,2,3 mutant displayed different oligomeric forms at the two temperatures. Whereas the cgl,2,3 protein was able to trimerize at 33°C, it migrated throughout the entire gradient at 40°C, indicating the formation of aggregates of various higher molecular weights. Only small amounts of these aggregates were present at the lower temperature. Thus, it appears that the large reduction of transported HA protein by this mutant is the result of misfolded protein leading to formation of aggregates. On the other hand, aggregation was not observed at 40°C with the cgl,2 mutant. The rapid decline in the levels of uncleaved HA after a 60-min chase period are not commensurate with an increase in the levels of cleaved HA, as was also seen in the kinetic experiments (Fig. 6) , and suggests that uncleaved cgl,2 HA is subjected to rapid degradation. These results suggest that the oligosaccharides at conserved sites promote proper trimerization, probably by promoting a trimerizationcompetent form of the monomer. Taken together, the temperature-sensitive phenotype of these mutants supports the view that the role of conserved N-linked glycans on the HA is to aid in proper folding of the molecule.
DISCUSSION
Oligonucleotide-directed mutagenesis has been used to study the roles of individual oligosaccharides in a wide variety of secretory and membrane-bound glycoproteins, including vesicular stomatitis virus G protein (35, 49) , hemagglutinin-neuraminidase of simian virus 5 (42) , human immunodeficiency virus gp4l (11) , human protein C (18) , and human chorionic gonadotropin (38) . Although the results of these studies varied with respect to the proteins studied, loss of specific oligosaccharides was found to affect either transport or the biological activities of these proteins. Transport defects were suggested to be largely due to aberrant folding of the polypeptides, resulting in accumulation of these proteins in the ER. Thus, the large, hydrophilic carbohydrate moieties may aid in either protein folding, prevention of inappropriate hydrophobic interactions, and/or stabilization of a conformation suitable for biological activity. Folding and transport of proteins can also be disrupted by alterations of the glycosylation sites, as observed for both the vesicular stomatitis virus G protein (12, 34) and influenza virus HA (14, 15, 54) , suggesting that the number of oligosaccharides and their locations in the polypeptide are important.
On the other hand, introduction of new sites in the polypeptide chain lacking the original sites can partially alleviate transport defects, indicating that there is also some degree of .--flexibility in oligosaccharide location in the polypeptide chain (34, 35, 49 (20, 44, 64) . On the other hand, this apparent masking effect of the cleavage site by the cgl Top oligosaccharide can be alleviated by modification of the cleavage site (44, 64) . The presence or absence of this oligosaccharide on H7 FPV HA had no detectable effect on the cleavability of the HA proteins.
There has been no report of an HA protein which lacks more than one conserved site for N-glycosylation. This w-~might suggest that there is selective pressure during evolution against the loss of more than one conserved site. However, when conserved glycosylation was restricted to These results confirm our previous data (23) , which show that both oligomannosidic-and complex-type structures are found at the cg2 site for glycosylation. This effect appears to result from steric hindrance due to the cgl site and not from carbohydrate interactions with the cg3 site, which is also in close proximity to both of these oligosaccharides (Fig. 1A) . 
